Introduction {#s0005}
============

Cisplatin is a commonly used anticancer drug for solid tumors. However, it suffers significant side effects including nephrotoxicity, ototoxicity, and myelotoxicity, thus hindering its wide clinical application in selected patients [@bb0005], [@bb0010], [@bb0015], [@bb0020], [@bb0025]. Around 25% to,35% of patients who received cisplatin treatments experienced various degrees of nephrotoxicity [@bb0030]. It is well known that reactive oxygen species (ROS) are greatly involved in the pathogenesis of nephrotoxicity [@bb0035]. Current protective agents such as amifostine have significant side effects including hypotension, hypocalcemia, nausea, vomiting, allergies, and skin toxicities and may affect the anticancer efficacy of cisplatin, so it has not been widely adopted as standard treatment [@bb0040], [@bb0045]. Therefore, we developed a novel bismuth compound, BiZn, to investigate whether it can protect renal cells against cisplatin-induced damage.

MT and glutathione (GSH) are the two key thiols that prevent cellular injury from either heavy metals or oxidative damage in mammalian cells [@bb0050], [@bb0055]. MT is a low--molecular weight cysteine-rich intracellular protein, which plays an important role in the detoxification of toxic heavy metals [@bb0060], [@bb0065], [@bb0070]. Moreover, it has been demonstrated that MT has an antioxidant property by scavenging for free radicals [@bb0075], [@bb0080]. GSH plays an important role in the regulation of cell cycle, including proliferation and death. GSH is a known antioxidant involved in protecting cells from the noxious effect of excessive oxidant stress [@bb0085]. It has been shown to reduce toxicity and improve the quality of life of cisplatin-treated cancer patients [@bb0090]. Therefore, any new drugs that can induce the local generation of MT and GSH in order to provide localized organ protection in cancer patients receiving cisplatin therapy will be benefit for cancer patients. Bismuth is relatively nontoxic metal ion and has long been associated with medicine [@bb0095], and our group has concentrated on this field of study for many years [@bb0100], [@bb0105], [@bb0110], [@bb0115], [@bb0120]. Zinc (Zn^2+^) and bismuth (Bi^3+^) are found to induce the synthesis of a special protein MT in the kidney [@bb0125], [@bb0130]. Whether our new compound induces the synthesis of both MT and GSH is still unknown. Most importantly, whether the new compound could alleviate cisplatin-induced nephrotoxicity *in vitro* and *in vivo* is subject to further evaluation.

In this study, we prepared the bismuth compound, BiZn, to investigate its potential protective effects on different nonmalignant human cell types including kidney cells (HK-2), mesenchymal stromal cells (mesenchymal stem cells or MSC), liver cells (MIHA), and rat neural stem cells (C17.2) as well as a neuroblastoma cell line (SKNLP) *in vitro*. Whether BiZn could induce generation of antioxidant proteins MT and GSH from HK-2 cells and the possible protective effect of BiZn on cisplatin-induced renal toxicity *in vivo* were also studied. Finally, the long-term effect of BiZn on the antitumor activity of cisplatin treated mice was investigated using orthotopic xenograft model for 3 weeks.

Materials and Methods {#s0010}
=====================

Chemicals {#s0015}
---------

Cisplatin was purchased from Mayne Pharma Pty Ltd., Mulgrave, VIC 3170, Australia. BiZn (BiCit~2~Zn, MW 689.13) was prepared with the following procedures. Briefly, bismuth citrate (2 mmol, 0.80 g) was dissolved in deionized water (20 ml), while 18% ammonia was gradually added until the suspension became clean. Appropriate amount of Zn(OH)~2~ was added slowly over a time course of 24 hours to the bismuth-ammonia aqueous solution to result in a fully saturated solution. Any impurity was filtered off. The solution was left for 1 week for the production of crystal-like product. BiZn: ESI-MS m/z + ve: 689.13 (\[Bi(cit)~2~Zn\]^+^, 100%), 727.07 (\[Bi(cit)~2~Zn + K\]^+^, 85%) The chemical structure was shown in [Figure 1](#f0005){ref-type="fig"}. L-buthionine-sulfoximine (BSO) was purchased from Sigma-Aldrich Co.Figure 1Chemical structure of bismuth zinc citrate.Figure 1

Cell Lines {#s0020}
----------

Human bone marrow--derived mesenchymal stromal cells (MSC), human nonmalignant liver cells (MIHA), rat neural stem cells (C17.2) and human nonmalignant kidney cells (HK-2, provided by Dr. Yang Mo, Department of Pediatrics, Nanfang Hospital, Southern Medical University, Guangdong, China) and tumor SKNLP (provided by Dr. Nai Kong Cheung, Memorial Sloan Kettering Cancer Center, New York, NY) were cultured in DMEM (GIBCO Laboratories, Renfrewshire, UK) supplemented with 10% fetal calf serum (GIBCO Laboratories, Renfrewshire, UK).

Cell Proliferation Assay {#s0025}
------------------------

The growth and viability characteristics from the effect of BiZn on cisplatin-treated MSC, MIHA, C17.2, and HK-2 cells as well as SKNLP cells were measured using the cell proliferation kit II XTT assay (Roche Diagnostics, USA, according to the manufacturer\'s instruction. A total of 1-2 × 10^4^ cells/well were grown in flat-bottom 96-well plates (Costar, Corning Incorporated, NY) in a final volume of 100 μl culture medium per well overnight. Cells were then exposed to BiZn (10 μM or 100 μM) for 2 hours before treatment with cisplatin (10 μM or 100 μM) for 2 or 3 days. For GSH study in [Figure 5](#f0025){ref-type="fig"}, HK-2 cells were exposed to BiZn (10 μM or 100 μM) for 6 hours, and after 3 days, they were treated with cisplatin (10 μM) and BSO (500 μM) for 2 more days. Cells grown under culture medium alone were used as a negative control. After a fixed time of incubation, 50 μl of the XTT labeling mixture was added to each well, and the cells were incubated for 2 hours at 37°C under a humidified atmosphere of 5% CO~2~. The formation of formazan dyes, produced only by metabolic active cells, was detected spectrophotometrically at 490 nm.

Neutral Red Uptake Assay {#s0030}
------------------------

A neutral red uptake assay was performed following the procedure as described by Borenfreund and Puerner et al. [@bb0135]. Briefly, 1-2 × 10^4^ cells/well were seeded in 96-well plates and then exposed to BiZn (10 μM or 100 μM) for 6 hours, and after 3 days, they were treated with cisplatin (10 μM) and BSO (500 μM) for 2 more days. At the end of the exposure time, the test solution was aspirated and cells were washed with phosphate-buffered saline (PBS) twice before being incubated for 2 hours in medium supplemented with neutral red (50 μg/ml). The medium was washed off rapidly with a solution containing 0.5% formaldehyde and 1% calcium chloride. The cells were then incubated for a further 20 minutes at 37°C in a mixture of acetic acid (1%) and ethanol (50%) to extract the dye. The absorbance was detected spectrophotometrically at 540 nm.

Measurement of Oxidative Stress {#s0035}
-------------------------------

Intracellular production of ROS in HK-2 cells treated with cisplatin and BiZn was monitored using a 2′,7′-dichlorodihydrofluorescein diacetate (H~2~DCFDA) fluorescent probe (Sigma). H~2~DCFDA is deacetylated by intracellular esterases to form 2′,7′-dichlorodihydrofluorescein. In the presence of hydrogen peroxides and hydroxyl radicals in cells, it will be converted to the fluorescent 2′,7′-dichlorofluorescein (DCF). To quantify ROS production, HK-2 cells were resuspended in DMEM with 10% FBS. BiZn was added to the cells for a 24-hour pretreatment. Cisplatin was then added to the HK-2 cells and incubated for 4 hours before H~2~DCFDA staining. Cells were treated with H~2~DCFDA (5 μM) in PBS at 37°C. The DCF fluorescence produced by the cells was measured continuously on a fluorometer at an excitation wavelength of 485 nm and emission wavelength of 538 nm.

Western Blotting {#s0040}
----------------

HK-2 and MIHA cells were treated with BiZn (100 μM) for 0 to 24 hours. Cells were washed with ice-cold PBS, and cell lysates were extracted by protein extraction solution. Protein concentration was determined by the Quick Start Bradford 1 × Dye Reagent (Bio-Rad Laboratories, Inc., USA). Proteins were loaded on SDS-PAGE gels and separated by electrophoresis. The gels were transferred to nitrocellulose membrane and blocked within 5% BSA in Tris-buffered saline solution containing 0.1% Tween-20. Primary antibodies, mouse anti-MT monoclonal antibody (1:1000 dilution; Abcam, USA), were incubated overnight at 4°C. After washing, the membrane was incubated with a secondary antibody, rabbit anti-mouse antibody (1:2000 dilution; Cell Signaling Technology, Beverly, MA, USA). MT was visualized by ECL detection systems.

RNA Isolation {#s0045}
-------------

Total RNA was prepared according to the protocol using Trizol (Invitrogen) solution. Trizol (500 μl) was added to HK-2 cells which were treated with BiZn for 6 hours. Chloroform (100 μl) was then added to the sample. The suspension was centrifuged at 12000×*g* for 15 minutes at 4°C. After the phase separation, the upper aqueous phase was then transferred to a new tube, and RNA precipitation was done by adding 500 μl of isopropanol. After thorough mixing and storage at room temperature for 15 minutes, the suspension was centrifuged at 12,000×*g* for 15 minutes at 4°C. After the isopropanol was decanted, the remaining RNA pellet was then washed with 75% ethanol and centrifuged at 12,000×*g*. The pellet was then air-dried and resuspended in DEPC water. The concentration and purity of each sample were evaluated using a spectrophotometer at A260/A280.

Quantitative Reverse-Transcription Polymerase Chain Reaction {#s0050}
------------------------------------------------------------

Expression of mRNA was analyzed in HK-2 cells using qRT-PCR. One microgram of HK-2 cell RNA was reverse transcribed using reverse transcriptase II (Invitrogen) according to the manufacturer\'s instructions. Real-time qPCR was performed using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) in ABI PRISM 7900 real-time PCR system (Applied Biosystems). The real-time qPCR was in the presence of 1× PowerUp SYBR Green Master Mix and 0.2 μM of each gene Q-PCR primer. Two primer pair sequences were synthesized for human MT-IA and MT-IIA genes as described by Liu et al. [@bb0120] to amplify a fragment encompassing the coding region of the MT gene. The amplification profile was 50°C for 2 minutes and 95°C for 2 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. At the end of the PCR cycles, melting curve analyses were performed to ensure the absence of artifacts. Three biological replicates were measured for each group. The expression levels of mRNAs were normalized to glyceradehyde 3-phosphate dehydrogenase (GAPDH) level 5′-ACCACAGTCCATGCCATCACT for the sense and 5′-GGCCATCACGCCACAGTT for the antisense. The fold change of the mRNA was calculated by the equation 2^−ΔΔCt^.

Establishment of shRNA Knockdown Cell Lines {#s0055}
-------------------------------------------

MT-IIA shRNA Plasmids (Santa Cruz Biotechnology, CA, USA), encoded with three short hairpin RNAs (shRNAs), was transfected into HK-2 cell lines to establish the knockdown cell line models. The scrambled shRNA Plasmid-A (Santa Cruz Biotechnology, CA, USA) served as a mock transfection vector. Transfection was performed according to manufacturer\'s instructions with modifications. Cells were first seeded in a 24-well plate and grown to 70% confluence. One day prior to transfection, normal culture medium was removed and replaced with 500 μl antibiotic-free DMEM (supplemented with 10% FBS). For each transfection, 1 μg of MT-IIA shRNA plasmid was resuspended in 50 μl FBS-free OptiMEM; 3 μl Lipofectamine 2000 (Invitrogen, CA, USA) was diluted in 50 μl serum-free OptiMEM and incubated for 5 minutes at room temperature. The two solutions were gently mixed and allowed to sit for 20 minutes at room temperature. One hundred microliters of this combined solution was added to each well containing cells and medium with gentle mixing. Cells were then incubated at 37°C with 5% carbon dioxide for 6 hours. After the incubation, DMEM with 2 mM l-glutamine, 10% FBS, and 2 μg/ml puromycin (Invitrogen GIBCO, NY, USA) was added as a selective medium to establish the stable MT-IIA knockdown cell lines.

Measurement of Intracellular Reduced GSH Using Monochlorobimane Assay and GSH Detection Assay {#s0060}
---------------------------------------------------------------------------------------------

Reduced GSH in HK-2 cells treated with BiZn (10 μM and 100 μM) for 24 and 48 hours was monitored using monochlorobimane assay (Sigma, USA). This probe reacts specifically with reduced GSH through GSH transferase to form a fluorescent derivative [@bb0140]. To investigate the GSH production, HK-2 cells were resuspended in DMEM with 10% FCS. BiZn (10 μM or 100 μM) and L-buthionine-sulfoximine (BSO) (250 μM or 500 μM) (Sigma, USA) were added to the cells respectively for 24 or 48 hours. The cells were treated with monochlorobimane (Sigma, USA) at a final concentration of 100 mM in Ca^2+^- and Mg^2+^-free PBS for 0 to 60 minutes at 37°C. The fluorescence produced by the cells was measured with a fluorometer at an excitation wavelength of 360 nm and emission wavelength of 480 nm.

Reduced GSH in samples was measured by using GSH Detection Assay Kit (Abcam). Briefly, HK-2 cells were treated with BiZn (10 μM and 100 μM) for 48 hours. A total of 0.2 × 10^6^ cells were homogenized by Mammalian Lysis Buffer. Enzymes were removed by using Deproteinizing Sample Kit (Abcam). Nonfluorescent GSH Assay Mixture reacts with reduced GSH in cell lysate to become fluorescent. The fluorescence produced was measured with a fluorometer at an excitation wavelength of 490 nm and emission wavelength of 520 nm.

Animals and Drug Treatment {#s0065}
--------------------------

All experiments were performed on 5- to 6-week-old male mice (Laboratory Animal Unit, the University of Hong Kong). The mice were housed under specific pathogen free conditions and were given free access to water and food. All animal experiments were done in accordance with the University of Hong Kong Guideline for Animal Care and Experimentation. After transfection of SKNLP neuroblastoma cell line with a luciferase construct, we injected the stable luciferase positive cells into the adrenal glands (2×10^5^ cells) of SCID Beige mice. Orthotopic neuroblastoma cancer xenograft models were established within 1 month. We divided the mice into four groups: control (*n* = 6), BiZn-treated (*n* = 6), cisplatin-treated (*n* = 6), and BiZn plus cisplatin--treated (*n* = 6) groups. The BiZn (0.14 mmol/kg) was administered orally. Cisplatin (7.5 mg/kg or 15 mg/kg) was injected intraperitonealy. BiZn (0.14 mmol/kg) was administered orally by a blunt oral feeding syringe 24 hours before the cisplatin injection, just before the cisplatin injection, and then every 2 days thereafter. The mice were sacrificed by an overdose of pentobarbital. Tumor volume was calculated by the formula: *V* = *a*^2^.*b*.*π*/6, where *a* is the short and *b* is the long diameter of tumor.

For assessment of *in vivo* safety/toxicity of BiZn, we treated BALB/c mice (*n* = 5) with BiZn (0.58 mmol/kg) orally for 5 days. At the time of sacrifice, brain, heart, kidney lung, and liver were collected, fixed in 10% formalin overnight, paraffin-embedded, sectioned, stained with hematoxylin and eosin, and evaluated for histology change. For assessment of the effect of BiZn on renal histology in cisplatin nephrotoxicity, we treated SCID Beige mice with 21-day high dose of cisplatin administration (day1 7.5 mg/kg, day 2 7.5/kg, and day 15 15 kg/kg) and BiZn (0.14 mmol/kg). At the time of sacrifice, kidneys were collected for histology evaluation.

For pharmacokinetic study of BALB/c mice, BiZn (0.14 mmol/kg once) was administered orally. Blood samples for determination of plasma bismuth concentrations were collected prior to and 1, 2, 4, and 6 hours after the administration. Plasma bismuth concentration was determined by inductively coupled plasma mass spectrometry (ICP-MS) as described by Hongzhe Sun et al. [@bb0145].

Bioluminescence Imaging {#s0070}
-----------------------

Bioluminescence imaging was performed on all of the mice once a week after tumor implantation. One hundred fifty micrograms per gram of D-luciferin in PBS was injected into each mouse intraperitoneally. A luminescent IVIS imaging system, equipped with Living Imaging software (Xenogen, Alameda, CA), was used to monitor the growth of tumors in real time.

Blood Urea Nitrogen (BUN) Assay and Creatinine Assay {#s0075}
----------------------------------------------------

At the end of the study, blood collected from the mice was assessed for BUN and creatinine level. The BUN was measured using Urea Nitrogen Kit (Stanbio Laboratory, USA). The creatinine was measured using Creatinine Assay Kit (Sigma-Aldrich Co).

Statistical Analysis {#s0080}
--------------------

The mean and SEM were computed for each treatment group. Statistically significant differences between treatment groups were detected by the one-way ANOVA test with Turkey\'s multiple comparison test for all pairwise multiple comparisons (Glantz SA. Primer of biostatistics, 3rd Edition., New York: McGraw Hill; 1992). Comparisons of two groups were assessed using paired Student *t* test. A *P* value of less than .05 was considered statistically significant. Three different symbols were denoted as \**P* \< .05, \*\**P* \< .01, and \*\*\**P* \< .001.

Results {#s0085}
=======

BiZn Reduced Cisplatin-Induced Cytotoxicity *In Vitro* {#s0090}
------------------------------------------------------

Live cells metabolically reduce XTT to a soluble product, XTT-formazan, which can be estimated spectrophotometrically as a measure of cell viability [@bb0150]. A panel of nonmalignant cells including MSC, MIHA, C17.2, and HK-2 cells was tested. By quantifying cell viability, we found that BiZn did not have a toxic effect on all of the different cells when they were treated with BiZn (10 μM or 100 μM) alone for 2 or 3 days ([Figure 2](#f0010){ref-type="fig"}). Cisplatin induced significant cytotoxicity on C17.2, HK-2, and SKNLP cells at the concentration of 10 μM and on MSC and MIHA cells at the concentration of 100 μM. Furthermore, we showed that co-treatment of BiZn with cisplatin (10 μM or 100 μM) for 2 or 3 days could significantly rescue normal cells from cisplatin-induced cytotoxicity in a dose-dependent manner (\**P* \< .05, \*\**P* \< .01, and \*\*\**P* \< .001) ([Figure 2](#f0010){ref-type="fig"}). However, for the neuroblastoma cells (SKNLP), co-treatment of BiZn with cisplatin did not show any significant protection effect ([Figure 2](#f0010){ref-type="fig"}).Figure 2The cytotoxic effects of BiZn on cisplatin-treated panels of cells were analyzed by XTT assay. The protection effect of BiZn on cisplatin-treated MSC, MIHA, C17.2, HK-2, and SKNLP cell was shown. Pretreatment with BiZn significantly rescued nonmalignant cells from cisplatin-induced cytotoxicity (bismuth compounds vs. control group, \*\**P* \< .01 and \*\*\**P* \< .001).Figure 2

### Cisplatin Increased ROS Generation in HK-2 Cells But It Was Decreased by Pretreatment with BiZn {#s0095}

To further explore whether cisplatin can induce ROS generation and whether our new compound BiZn has potential to decrease cisplatin-induced ROS generation in HK-2 cells, DCF assay was performed on the cells loaded with cisplatin at concentration of 10 μM and 100 μM with pretreatment of BiZn at a concentration of 10 μM. From our data, cisplatin induced ROS generation in HK-2 cells in a dose-dependent manner ([Figure 3](#f0015){ref-type="fig"}*A*). The increase in ROS generation was significantly reduced by pretreatment with BiZn ([Figure 3](#f0015){ref-type="fig"}*B*).Figure 3(A) Effect of cisplatin on HK-2 cells in inducing ROS generation. HK-2 cells were treated with cisplatin (10 μM and 100 μM) for 4 hours. After H~2~DCF-DA staining, the amount of fluorescence produced by cisplatin-treated cells was significantly increased at 60 and 120 minutes (*n* = 3, cisplatin vs. control group, \*\*\**P* \< .001). (B) Effect of BiZn on cisplatin-induced ROS generation in HK-2 cells. (B-a) Pretreatment with BiZn significantly reduced the fluorescence of H~2~DCF-DA--stained low concentration (10 μM) of cisplatin-treated cells at 60 and 120 minutes (*n* = 3, cisplatin vs BiZn+cisplatin group, \**P* \< .05). (B-b) Pretreatment with BiZn significantly reduced the fluorescence of H~2~DCF-DA--stained high concentration (100 μM) of cisplatin-treated cells at 60 and 120 minutes (*n* = 3, cisplatin vs BiZn+cisplatin group, \*\**P* \< .01 and \**P* \< .05).Figure 3

BiZn Induced the Upregulation of MT in HK-2 Cells *In Vitro* {#s0100}
------------------------------------------------------------

One possible mechanism that accounts for the protective effect of BiZn on cisplatin-treated cells is through the induction of MT expression. To test this, protein lysates were collected and analyzed by Western blotting after treatment with BiZn. As shown in [Figure 4](#f0020){ref-type="fig"}*A*-*a*, incubation of HK-2 cells with BiZn (100 μM) led to MT being increased significantly, suggesting that BiZn could induce MT generation from HK-2 cells. Moreover, gene expression of MT-IA and MT-IIA was significantly upregulated in HK-2 cells when compared with control cells after treatment with BiZn for 6 hours ([Figure 4](#f0020){ref-type="fig"}*A*-*b*).Figure 4(A) Effect of BiZn on HK-2 cells in inducing MT protein generation. Cells were treated with BiZn (100 μM) for the indicated time. Protein lysates were assayed by Western blotting, and beta-actin was used as the loading control. Results were representative of three independent experiments. (B) Effect of BiZn on HK-2 cells in inducing MT gene expression. Cells were treated with BiZn (10 μM and 100 μM) for 6 hours. MT mRNA expression was assayed by RT-qPCR. MT IA and IIA mRNA was upregulated when compared with control cells (*n* = 3, bismuth compounds vs. control group, \**P* \< .05, \*\**P* \< .01, and \*\*\**P* \< .001). (C) The cytotoxic effects of cisplatin-treated HK-2 and the MT-IIA shRNA-mediated knockdown cells were analyzed by XTT assay. The effects of cisplatin-treated cells in 48 hours and 72 hours were shown. (*n* = 3, cisplatin vs. control group, \*\*\**P* \< .001 and MT-IIA shRNA-mediated knockdown HK-2 cell vs. control group, \**P* \< .05).Figure 4

MT-IIA Was Responsible for Cisplatin-Induced Cytotoxicity on HK-2 Cells {#s0105}
-----------------------------------------------------------------------

To investigate the MT-IIA function on cisplatin-induced cytotoxicity on HK-2 cells, we generated a stable MT-IIA knockdown model. We showed that, after treatment with cisplatin (10 μM) for 48 and 72 hours, the cytotoxicity effect on MT-IIA knockdown HK-2 cells was significantly higher than the control cells (\**P* \< .05) ([Figure 4](#f0020){ref-type="fig"}*B*), which suggested an involvement of MT-IIA on the protection effect of BiZn on cisplatin-treated cells.

Generation of Intracellular Reduced GSH by Incubation of HK-2 Cells with BiZn {#s0110}
-----------------------------------------------------------------------------

Monochlorobimane assay was used to quantify the amount of GSH generated by HK-2 cells. This probe reacts specifically with reduced GSH through GSH transferase to form a fluorescent derivative [@bb0140]. HK-2 cells stained with monochlorobimane at 37°C yielded a steady fluorescent signal. A significant increase of intracellular reduced GSH was observed upon incubation of HK-2 cells with BiZn (100 μM) for 24 and 48 hours ([Figure 5](#f0025){ref-type="fig"}*A*). BSO is a potent inhibitor of GSH synthesis; incubation of HK-2 cells with 250 μM and 500 μM BSO for 24 and 48 hours successfully decreased the intracellular reduced GSH level ([Figure 5](#f0025){ref-type="fig"}*B*). These results suggest that BiZn induced GSH generation.Figure 5(A and C) Intracellular reduced GSH evaluation after 24- and 48-hour treatment with BiZn or BSO on HK-2 cells. HK-2 cells were treated with BiZn (10 μM and 100 μM) or BSO (250 μM and 500 μM) for 24 or 48 hours. After monochlorobimane staining, the fluorescence produced by the cells was measured. (A) The fluorescence increased significantly in BiZn (100 μM)-treated HK-2 cells after 24 hours of incubation (*n* = 3, BiZn 100 μM vs. control group, 60 minutes \*\**P* \< .01) and 48 hours of incubation (*n* = 3, BiZn 100 μM vs. control group, 60 minutes \*\**P* \< .01). (B) Monitoring the GSH depletion effect of BSO on HK-2 cells for 24 hours of incubation (*n* = 3, BSO 250 and 500 μM vs. control group, 60 minutes \*\*\**P* \< .001) and 48 hours (*n* = 3, BSO 250 and 500 μM vs. control group, 60 minutes \*\*\**P* \< .001) of incubation. (C) The reduced GSH increased significantly in BiZn (10 μM and 100 μM)-treated HK-2 cells after 48 hours of incubation (*n* = 3, BiZn 10 μM and 100 μM vs. control group, \*\*\**P* \< .001). (D) The effects of BiZn and BSO on cisplatin-treated HK-2 cells were analyzed by XTT and neutral red uptake assay. HK-2 cells were pretreated with BiZn (10 μM and 100 μM) for 3 days before exposure to BSO (500 μM) and cisplatin (10 μM) for 48 hours. (C-a) Cell viability of HK-2 cells (XTT assay). (C-b) Cell viability of HK-2 cells (neutral red uptake assay) (compounds vs. control group or compounds vs. compounds group, \*\**P* \< .01 and \*\*\**P* \< .001).Figure 5

Reduced GSH in samples was also measured by using GSH Detection Assay Kit. A significant increase of intracellular reduced GSH was observed upon incubation of HK-2 cells with BiZn (10 and 100 μM) for 48 hours ([Figure 5](#f0025){ref-type="fig"}*C*).

GSH Was Responsible for Cisplatin-Induced Cytotoxicity on HK-2 Cells {#s0115}
--------------------------------------------------------------------

The potential role of GSH on cisplatin-induced cytotoxicity on HK-2 cells was evaluated using XTT assay and neutral red uptake assay. Neutral red assay is one of the common methods used to detect cell viability or drug cytotoxicity. The principle of this assay is based on the detection of viable cells via the uptake of the dye neutral red. Viable cells can take up neutral red via active transport and incorporate the dye into their lysosomes, but nonviable cells cannot not take up this chromophore. We found that BSO (500 μM) was relatively nontoxic on HK-2 cells as shown in [Figure 5](#f0025){ref-type="fig"}*D*-*a* and *b*. BSO had a synergistic effect and enhanced the cytotoxic effect of cisplatin (10 μM) on HK-2 cells after 48-hour incubation. This suggested that GSH was responsible for the cisplatin-induced cytotoxicity on HK-2 cells. In addition, pretreatment of HK-2 cells with BiZn followed by treatment with cisplatin+BSO for 48 hours resulted in the increased cell viability of HK-2 cells when compared with the cisplatin+BSO group ([Figure 5](#f0025){ref-type="fig"}*D*-*a* and *b*). The generation of intracellular reduced GSH by pretreatment of BiZn in HK-2 cells could contribute to the protection effect.

BiZn Did Not Affect the Cisplatin Antitumor Effect {#s0120}
--------------------------------------------------

The antitumor activity of cisplatin was evaluated in regular intervals for 21 days after cisplatin treatment by live imaging of mice that were orthotopically inoculated with neuroblastoma cells at the adrenal area. As shown in [Figure 6](#f0030){ref-type="fig"}*A* and *B*, treatment with BiZn did not affect the antitumor activity of cisplatin (7.5 mg/kg, once per week for 3 weeks). Interestingly, the BiZn-treated mice had less extensive metastasis than that of control group in liver as shown in [Figure 7](#f0035){ref-type="fig"}*A*. Whether such findings genuinely reflected the antimetastatic effect of BiZn remains to be verified. But one thing that is very convincing was that BiZn did not affect the antitumor effect of cisplatin *in vivo* ([Figure 7](#f0035){ref-type="fig"}*A* and *B*).Figure 6Administration of BiZn did not affect the antitumor effect of cisplatin on adrenal tumors. In (A), 0.2 × 10^6^ SKNLP neuroblastoma cells were injected into mouse adrenal gland for 4 weeks to induce adrenal tumors. Mice with adrenal tumors were divided into four groups: control, BiZn-treated, cisplatin-treated, and BiZn combined with cisplatin--treated groups. Live cell imaging luciferrin scan was used to evaluate the antitumor activity weekly. Three-week cisplatin- and cisplatin plus BiZn--treated tumors had significantly lower total flux when compared to control tumors (cisplatin-treated and BiZn combined with cisplatin--treated vs. control group, \*\**P* \< .01). Cisplatin- and cisplatin plus BiZn--treated tumors had no significant difference of total flux. In (B), photos of the tumor after treatment were shown. There is a significant inhibition of tumor growth after 3 weeks cisplatin and cisplatin plus BiZn treatment (cisplatin-treated and BiZn combined with cisplatin--treated vs. control group, \**P* \< .05), and there is no significant difference in tumor volume of cisplatin-treated vs. BiZn combined with cisplatin--treated group.Figure 6Figure 7Administration of BiZn delayed SKNLP tumor cells lung and liver metastases. A total of 0.2 × 10^6^ SKNLP cells were injected into the adrenal gland, and lung and liver metastases were noted. After 4-week injection of SKNLP cells, mice were treated weekly with i.p. doses of 7.5 mg/kg cisplatin for 3 weeks in cisplatin and cisplatin plus BiZn groups. For the control and BiZn-treated groups (negative control), mice were only treated for 2 weeks because of the large and rapidly progressing tumor size. Luminescence images of lungs and livers were noted. For liver groups, cisplatin- and cisplatin plus BiZn--treated livers had significantly lower total flux when compared to the control group (cisplatin-treated and BiZn combined with cisplatin--treated vs. control group, \*\**P* \< .01). BiZn-treated livers had significantly lower total flux when compared to the control group (BiZn-treated vs. control group, \*\**P* \< .01). Cisplatin- and cisplatin plus BiZn--treated livers had no significant difference in total flux. For lung groups, cisplatin- and cisplatin plus BiZn--treated groups had significantly lower total flux when compared to the control group (cisplatin-treated and BiZn combined with cisplatin--treated vs. control group, \**P* \< .05). Cisplatin- and cisplatin plus BiZn--treated tumors had no significant difference in total flux.Figure 7

BiZn Pharmacokinetics {#s0125}
---------------------

The average concentration-time curve was shown in [Figure 8](#f0040){ref-type="fig"}*A*. Bismuth peak levels in serum of 24.72 ± 1.81 μg/l were measured 1 hour after administration in mice treated with BiZn. The concentration was well below the toxic range of bismuth [@bb0140]. It was followed by rapid terminal elimination (*t*~1/2(elimination)~ = 1.9 ± 0.28 hours). Area under curve (AUC~last~) was calculated to be 51.34 ± 3.40 μg h/l.Figure 8(A) Bismuth serum concentrations in five groups of mice with BiZn dose of 0.14 mmol/kg. The plots show the levels of bismuth content in serum as means ± SEM over the full 6-hour time course. (B) Effect of high dose of BiZn treatment on organ histology change of mice. Mice received BiZn (0.58 mmol/kg) treatment for 5 days. Brains, hearts, kidneys, lungs, and livers were formalin-fixed, paraffin-embedded, and H&E-stained. Based on the figures, none of the organs appeared to show any evidence of brain, heart, kidney, lung, or liver damage. (C) Effect of BiZn on renal histology in cisplatin-treated SCID Beige mice. (C-a) Renal histological changes after 21 days of cisplatin administration (day 1: 7.5 mg/kg, day 2: 7.5/kg, and day 15: 15 kg/kg). (C-b) Renal histological changes with same condition of cisplatin combined with BiZn every 2 days. Photo showed protein cast, vacuolation, and desquamation of epithelial cells in the renal tubules after cisplatin administration. The injuries were attenuated by treatment of BiZn every 2-day injection. (D and E) Effect of pretreatment with BiZn on renal protection with or without cisplatin treatment on SCID Beige mice. In (D-a), mice were treated with BiZn for 3 weeks without cisplatin treatment. In (D-b and E), mice were pretreated orally with BiZn for 24 hours and just prior to cisplatin (15 mg/kg) injection. The mice were sacrificed on day 5. Blood BUN and creatinine levels were determined after the end point. Each value for BUN and creatinine represents the mean ± SEM (BUN, *n* = 6, cisplatin vs. control group, \*\*\**P* \< .001; *n* = 6 cisplatin vs. BiZn+cisplatin group, \*\**P* \< .01) (creatinine, *n* = 4, cisplatin vs. control group, \*\*\**P* \< .001; *n* = 4 cisplatin vs. BiZn+cisplatin group, \**P* \< .05). (F) Survival curve of cisplatin-treated SCID Beige mice with or without treatment of BiZn. Kaplan-Meier survival curve showed that the survival of mice of cisplatin group was significantly shorter than that of mice treated with BiZn+cisplatin (log-rank statistics: cisplatin vs. BiZn+cisplatin. \*\*\**P* = .001).Figure 8

BiZn Did Not Have Any Toxic Effect *In Vivo* {#s0130}
--------------------------------------------

Short-term treatment of mice with a high dose of BiZn (0.58 mmol/kg, every day) for 5 days showed no toxic effect on different organs ([Figure 8](#f0040){ref-type="fig"}*B*). Further, long-term treatment with BiZn alone (0.14 mmol/kg, every 2 days) for 3 weeks showed no toxic effect on kidneys ([Figure 8](#f0040){ref-type="fig"}*D*-*a*).

BiZn Could Reduce Cisplatin-Induced Nephrotoxicity {#s0135}
--------------------------------------------------

Histological examination revealed vacuolation, protein cast, and desquamation of epithelial cells in renal tubular epithelium 21 days after injection in the cisplatin-treated mouse as shown in [Figure 8](#f0040){ref-type="fig"}*C*-*a*. In contrast, [Figure 8](#f0040){ref-type="fig"}*C*-*b* shows the proximal renal tubules of BiZn-treated mice in which lesions appeared to be less extensive than those observed in mice that were treated with cisplatin alone. Thus, the results demonstrate a protective effect of pretreatment with BiZn against cisplatin-induced renal toxicity in SCID Beige mice.

Cisplatin (15 mg/kg) treatment alone significantly increased BUN and creatinine levels 5 days after administration ([Figure 8](#f0040){ref-type="fig"}*D*-*b* and *E*). On the contrary, the addition of oral BiZn in cisplatin-treated mice significantly reduced blood BUN and creatinine levels compared with the cisplatin-treated group (\*\**P* \< .1 and \**P* \< .05) ([Figure 8](#f0040){ref-type="fig"}*D*-*b* and *E*). These results support the renal protective effect of BiZn on cisplatin-treated mice.

BiZn Could Improve the Survival Rate of High-Dose Cisplatin--Treated Mice {#s0140}
-------------------------------------------------------------------------

To test the toxic effect of cisplatin, the lethal dose of cisplatin was adopted. All of the mice died 12 days after treatment with high-dose cisplatin (15 mg/kg, two times) alone ([Figure 8](#f0040){ref-type="fig"}*F*). Co-treatment of high-dose cisplatin with BiZn (at the dose of 0.14 mmol/kg every 2 days) significantly improved the survival rate of mice under such lethal dose of cisplatin ([Figure 8](#f0040){ref-type="fig"}*F*). The results were demonstrated by the Kaplan-Meier analysis (*P* = .001).

Discussion {#s0145}
==========

Cisplatin is a platinum-based heavy metal drug which has dual characteristics of an alkylating agent and an oxygen free radical inducer. It is currently one of the most commonly used chemotherapeutic agents for solid tumors. The main adverse side effects of cisplatin are its aural, neural, and renal toxicities. In order to attenuate these adverse side effects, we generated a new compound, BiZn ([Figure 1](#f0005){ref-type="fig"}). We demonstrated that pretreatment of BiZn decreased the cisplatin-induced renal toxicity through induction of antioxidant protein MT and antioxidant small peptide GSH.

Free radical species are a double-edged sword in the physiology of the human body. Excessive amounts disrupt many basic molecules including lipids, DNA, and proteins, resulting in severe oxidative damage within cells and leading to tissue damage [@bb0155]. Cisplatin is a ROS inducer which can inhibit cancer cell growth. Although accumulated papers demonstrate that treatment of bismuth decreases cisplatin-induced renal toxicity, whether the co-treatment of bismuth inhibits cisplatin-induced ROS generation in kidney cells was still unclear. Thus, we generated our own ROS kidney cell model to investigate it. From our data, pretreatment with BiZn could inhibit cisplatin-induced ROS generation in HK-2 cells ([Figure 3](#f0015){ref-type="fig"}). Several mechanisms of bismuth protection on cisplatin-induced kidney damage have been proposed, for example, bismuth induced MT expression [@bb0160]. Previous *in vitro* studies showed that MT can serve as thiol donors to remove reactive oxygen species [@bb0165], [@bb0170]. However, the mechanism related to MT-IIA on kidney cell protection by bismuth is not clear. Thus, we used shRNA to inhibit MT-IIA protein synthesis to evaluate whether MT-IIA was important for the inhibition of cisplatin-induced cell damage. Our data indicated that the cytotoxicity effect of cisplatin on MT-IIA knockdown HK-2 cells was higher than the control cells. Iron is known to induce overproduction of superoxide (O2•−) and hydroxyl (OH•-) radicals via Fenton and Haber-Weis reaction [@bb0155], [@bb0175], [@bb0180]. Our previous papers showed that iron overload can induce ROS generation, which has toxic effects on cardiovascular system, and chelator L1 could inhibit this as well as cell apoptosis [@bb0185], [@bb0190], [@bb0195]. This is in line with another publication which shows that MT could chelate iron to convert it into a form that is not active as a Fenton reactant, and the formation of an Fe-MT complex *in vitro* has been described [@bb0200], [@bb0205]. Glutathione is mainly present in cells in its reduced form, GSH, which basically acts as an intracellular reductant. GSH has been shown to have antioxidant effect in preventing free radicals and heavy metal--induced cell damage [@bb0085]. Several groups have demonstrated that cisplatin induces oxidative stress in renal epithelial cells by depleting intracellular concentrations of GSH [@bb0210], [@bb0215]. **O**ur data showed that BiZn increased GSH level in kidney cells. GSH as an antioxidant may counteract the effect of ROS generated by cisplatin. Thus, the co-treatment of BiZn effectively inhibits cisplatin-induced apoptosis of kidney cells.

Bismuth (Bi) and zinc (Zn) were less toxic when compared with cadmium (Cd) and mercury (Hg); both Bi and Zn can induce higher amounts of MT in the proximal tubular cells of the kidney [@bb0220]. In this experiment, we generated a new synthetic compound, BiZn, and one advantage of using this compound is that it has low toxicity ([Figure 8](#f0040){ref-type="fig"}*B* and *C*-*a*) but with high MT induction ability. As Zn is an essential element in our body and Bi compounds such as colloidal bismuth subcitrate have already been used clinically in treating patients with *Helicobacter pylori* infection [@bb0225], our new combined product of BiZn is therefore potentially nontoxic. Unlike its related arsenic compound (As) in the periodic table, bismuth compound does not exert any direct cytotoxic effect on both normal and cancer cells even in high concentrations. Previous use of bismuth compounds in treating gastric mucosal-associated lymphoid tissue lymphoma was mainly based on its antibacterial function [@bb0230]. BiZn is water soluble and can be readily absorbed by the body, which means it can be taken orally. This is an important feature because most previously available bismuth compounds were poorly absorbed and therefore have limited systemic effect upon oral administration.

We investigated the effect of this novel compound BiZn in inducing MT and GSH from kidney cells *in vitro*. We found that BiZn could induce both MT and GSH production from the HK-2 cells. Since both MT and GSH are known protective biomolecules that can protect cells from heavy metal--induced injuries, such enhancing effects of MT and GSH generation from renal cells imply a local protective effect against cisplatin-induced toxicity in the kidney. On the contrary, cisplatin has direct cytotoxic effects on all normal cells including renal cells, hepatic cells, bone marrow--derived mesenchymal stromal cells, and neural stem cells under *in vitro* settings. Again, such cytotoxic effects could be significantly decreased by the addition of BiZn into the culture system ([Figure 2](#f0010){ref-type="fig"}). These may be based on MT and GSH induction in cells by the co-incubation with BiZn. More importantly, the protective effect of BiZn will not affect the *in vivo* cytotoxicies of cisplatin in our neuroblastoma orthotopic model.

Using our *in vivo* orthotopic model [@bb0235], [@bb0240], we monitored the growth of neuroblastoma in both the local and metastatic sites. The BiZn did not affect the efficacy of cisplatin chemotherapy in both primary (adrenal) and metastatic sites such as lung and liver ([Figure 6](#f0030){ref-type="fig"}, [Figure 7](#f0035){ref-type="fig"}). This shows that the increased secretion of MT and GSH in kidney did not hinder the cytotoxic action of cisplatin even in these metastatic sites. In our *in vivo* model, the dosage of cisplatin that could effectively shrink the tumor does not exert high enough organ toxicity. Therefore, we were not able to clearly show the renal protection in this cohort. However, we applied lethal dose of cisplatin on another cohort of mice with and without the BiZn. Our results showed that BiZn could reduce the elevated levels of BUN caused by cisplatin treatment ([Figure 8](#f0040){ref-type="fig"}*C*-*b*). More strikingly, the oral administration of BiZn could significantly improve the survival rate under such lethal dose of cisplatin ([Figure 8](#f0040){ref-type="fig"}*D*). This suggested that with the help of BiZn, either higher doses of cisplatin can be used in patients with refractory tumors or organ toxicity can be minimized for those who are responsive to the conventional dosages of cisplatin.

In conclusion, we show that BiZn could effectively decrease the renal toxicity and improve the survival rate of mice treated with high-dose cisplatin, and at the same time, it did not affect the cisplatin\'s antitumor activity. The generation of antioxidant protein MT and antioxidant peptide GSH may partly contribute to the protection role of BiZn on cisplatin-induced kidney damage. We will further delineate the effect of BiZn on brain and liver cancer models under cisplatin therapy.
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